The glutamate N-methyl-D-aspartate (NMDA) receptor antagonist ketamine displays rapid antidepressant effects in patients with treatment-resistant depression (TRD); however, the potential for adverse neurocognitive effects in this population has not received adequate study. The current study was designed to investigate the delayed neurocognitive impact of ketamine in TRD and examine baseline antidepressant response predictors in the context of a randomized controlled trial. In the current study, 62 patients (mean age ¼ 46.2 ± 12.2) with TRD free of concomitant antidepressant medication underwent neurocognitive assessments using components of the MATRICS Consensus Cognitive Battery (MCCB) before and after a single intravenous infusion of ketamine (0.5 mg/kg) or midazolam (0.045 mg/kg). Participants were randomized to ketamine or midazolam in a 2:1 fashion under double-blind conditions and underwent depression symptom assessments at 24, 48, 72 h, and 7 days post treatment using the Montgomery-Asberg Depression Rating Scale (MADRS). Post-treatment neurocognitive assessment was conducted once at 7 days. Neurocognitive performance improved following the treatment regardless of treatment condition. There was no differential effect of treatment on neurocognitive performance and no association with antidepressant response. Slower processing speed at baseline uniquely predicted greater improvement in depression at 24 h following ketamine (t ¼ 2.3, p ¼ 0.027), while controlling for age, depression severity, and performance on other neurocognitive domains. In the current study, we found that ketamine was devoid of adverse neurocognitive effects at 7 days post treatment and that slower baseline processing speed was associated with greater antidepressant response. Future studies are required to further define the neurocognitive profile of ketamine in clinical samples and to identify clinically useful response moderators.
INTRODUCTION
Ketamine is a high-affinity, noncompetitive N-methyl-Daspartate (NMDA) glutamate receptor antagonist that has demonstrated rapid antidepressant effects in patients with treatment-resistant depression (TRD; Mathew et al, 2010; Murrough et al, 2013a; Murrough et al, 2013b; Zarate et al, 2006) . We recently reported that ketamine was superior to an anesthetic control condition (the benzodiazepine midazolam) at rapidly reducing depressive symptoms 24 h following a single intravenous (IV) infusion in a two-site randomized controlled trial (response rates to ketamine and midazolam were 64 and 28%, respectively; Murrough et al, 2013a) . Randomized controlled trials have also found positive therapeutic effects of ketamine in bipolar depression (Zarate et al, 2012) and posttraumatic stress disorder (PTSD; Feder et al, 2014) . Despite the potential of ketamine as a mechanistically novel therapeutic option for patients with TRD, important concerns regarding safety and toxicity remain (Green and Cote, 2009; Morgan et al, 2009 ). There is a paucity of data on the neurocognitive effects of ketamine in mood disorder populations, thereby hampering risk-benefit analyses used to inform the potential development of ketamine as a treatment for severe or refractory mood disorders.
At the sub-anesthetic doses utilized in depression studies (most commonly 0.5 mg/kg administered as a slow 40-min infusion), ketamine results in acute dissociative and cognitive effects that typically peak immediately following drug administration and resolve within minutes or up to 2 h following cessation of the drug (Mathew et al, 2010; Murrough et al, 2013a; Murrough et al, 2013c; Zarate et al, 2006) . In healthy volunteers, ketamine reliably results in acute impairments in learning and memory (Krystal et al, 1994; Krystal et al, 1999; Krystal et al, 2005; Morgan et al, 2004; Parwani et al, 2005; Perry et al, 2007) . Most studies of neurocognition in healthy volunteers have utilized a dosing strategy distinct from what has been utilized in clinical trials for depression to date. For example, Krystal et al (2005) used a 1-min IV infusion of 0.23 mg/kg of ketamine followed by a 1-h infusion of 0.5 mg/kg in a neurocognitive study in healthy volunteers and assessments were conducted during the drug infusion. Some studies have found evidence for selective impairments in aspects of executive functioning related to ketamine (Krystal et al, 1994; Krystal et al, 1999) , whereas other studies have found no impairments (Morgan et al, 2004; Parwani et al, 2005) .
We previously described the acute neurocognitive effects of ketamine (0.5 mg/kg) and the relationship between neurocognition and treatment response in 26 individuals with TRD in the context of a single infusion, open-label clinical trial (Mathew et al, 2010; Murrough et al, 2013c) . Using the MATRICS Consensus Cognitive Battery (MCCB) (Nuechterlein et al, 2008) to quantify cognitive functioning at baseline and repeating a subset of tests at 40 min post treatment, we found that ketamine was associated with select impairments in memory recall (Murrough et al, 2013c) , consistent with prior reports in healthy individuals (Krystal et al, 1994; Krystal et al, 1999; Krystal et al, 2005) . Further, we found that baseline cognitive functioning was associated with subsequent antidepressant response to ketamine at 24 h (Murrough et al, 2013c) . Individuals who demonstrated a positive antidepressant response to ketamine had slower processing speed at baseline, compared with individuals who did not respond. These preliminary observations suggest a role for dopamine neurotransmission and neural circuits involving the striatum and interconnected regions of prefrontal cortex in the antidepressant mechanism of action of ketamine (Cervenka et al, 2008; Cropley et al, 2006) .
The current study was designed to replicate and extend our previous findings regarding ketamine and neurocognition in the context of a two-site, double-blind, randomized controlled trial in TRD patients. The aims were to (1) characterize the effect of ketamine on neurocognitive performance 7 days post treatment, and to (2) investigate baseline neurocognitive predictors of the antidepressant response to ketamine. We hypothesized that 7 days after a single ketamine infusion, there would be no worsening of neurocognitive functioning and that greater depression symptom improvement following ketamine would be associated with slower processing speed at baseline.
MATERIALS AND METHODS
This neurocognitive study took place during a randomized controlled trial of ketamine in individuals with TRD conducted at two academic medical centers (Baylor College of Medicine and Icahn School of Medicine at Mount Sinai) between November 2010 and August 2012. The primary clinical trial outcomes were previously reported by Murrough et al (2013a) (ClinicalTrials.gov identifier NCT00768430). The institutional review boards at both sites approved the study and participants provided written informed consent before study participation.
Participants
We enrolled individuals 21-80 years of age, with a primary diagnosis of major depressive disorder (MDD) as assessed with the Structured Clinical Interview for DSM-IV-Patient Edition (SCID; First et al, 1995) , and with an inadequate response to at least three therapeutic trials of an antidepressant according to the criteria of the Antidepressant Treatment History Form (Sackeim, 2001) . Additional inclusion criteria were a history of at least one previous major depressive episode before the current episode (recurrent MDD) or a chronic major depressive episode (at least 2 years' duration) and a score of 32 or greater on the Inventory of Depressive Symptomatology-Clinician Rated at screening and 24 h before randomization (IDS-C 30 ; Rush et al, 1996) . Patients were excluded if they had a lifetime history of a psychotic illness or bipolar disorder, alcohol or substance abuse in the previous 2 years, unstable medical illness, serious and imminent suicidal or homicidal risk, a score o27 on the Mini-Mental State Examination (Folstein et al, 1975) , or if they were taking contraindicated medications. For participants taking antidepressant medication, a washout period of at least 1 week was required before enrollment (4 weeks for fluoxetine). Each patient had a physical examination, routine hematologic and biochemical tests, urine toxicology, and an electrocardiogram to detect unstable medical illness or substance use.
Study Design
Study participants were free of concomitant antidepressants and other psychotropic medications for the duration of the study with the exception of a stable dose of a nonbenzodiazepine hypnotic. Eligible participants underwent a battery of neurocognitive tests (see below for details) within 1 week before receiving a single IV infusion of ketamine (0.5 mg/kg) or midazolam (0.045 mg/kg) over 40 min under double-blind conditions in an inpatient clinical research setting. Participants were allocated to the ketamine or midazolam in a 2:1 ratio. Midazolam is a benzodiazepine anesthetic agent used as an 'active placebo' in the current study to control for non-specific treatment effects related to sedation or other acute effects of anesthetic drug administration. Detailed study drug infusion methods were presented previously (Murrough et al, 2013a) . A trained rater conducted symptom ratings at fixed intervals during the infusion and for 240 min following the start of the infusion. Patients were discharged from the research unit 24 h following the infusion, and received outpatient evaluations 48 and 72 h and 7 days post infusion. The neurocognitive battery was repeated once at 7 days post treatment using alternative test forms to minimize practice effects. Neuropsychology raters were masked to drug identity and day-ofinfusion side effects.
Change in depression severity was measured using the Montgomery-Asberg Depression Rating Scale (MADRS; Montgomery and Asberg, 1979) ; categorical response was defined as X50% reduction in MADRS score relative to baseline. The primary depression outcome for the clinical trial was MADRS score 24 h following treatment. Secondary outcomes included MADRS score at 48 and 72 h and 7 days following treatment and the proportion of responders at each of the aforementioned time points. See Figure 1 for an overview of the study design.
Neurocognitive Assessment
Neurocognitive functioning was assessed at baseline and at 7 days post treatment using a subset of the MCCB (Trails A, Wechsler Memory Scale (WMS) Spatial Span, Brief Assessment of Cognition in Schizophrenia (BACS) Digit Symbol, Letter-Number Sequencing, Hopkins Verbal Learning Test (HVLT), Brief Visual Memory Test (BVMT), Neuropsychological Assessment Battery (NAB) Mazes, and Category Fluency). We computed standardized scores (T-scores with a mean of 50 and an SD of 10) for the MCCB data using the MCCB computerized scoring program, which includes correction for age and sex based on the MCCB normative sample.
To compute neurocognitive domain scores, we calculated mean T-scores as follows: processing speed (category fluency, Trails A, BACS Digit Symbol); working memory (WMS-III Spatial Span, letter-number); verbal learning (HVLT learning and delay); visual learning (BVMT learning); and reasoning/problem solving (NAB Mazes).
Statistical Analysis
Characteristics of the study sample are described using summary statistics. Univariate tests were used to compare the ketamine and midazolam treatment groups on baseline characteristics. The effect of time (baseline vs 7 days), treatment condition (ketamine vs midazolam), and antidepressant response status (responder vs non-responder) on cognitive performance and interaction effects were evaluated using a set of repeated measures analysis of variance (ANOVA) models. All models included change in depression severity from baseline to 7 days as a co-variate to evaluate and control for the potential effects of improved depression on cognition. We considered the influence of responder status at both 24 h (the time point corresponding to the primary clinical trial outcome) and 7 days (the time point corresponding to the post-treatment neurocognitive assessment) on neurocognitive performance in separate sets of models.
To evaluate the influence of baseline cognitive performance on antidepressant response, we entered the five neurocognitive domain scores, baseline symptom ratings, demographics, and a calculated depressive symptom change score (MADRS 24 h minus MADRS Baseline) into a backwards stepwise linear regression to identify clinical and cognitive predictors of ketamine response. To follow up on significant results, we compared outcome groups (responder vs non-responder) using ANOVA and logistic regression.
RESULTS

Demographic and Clinical Characteristics
Seventy-three individuals were randomized and n ¼ 72 received study medication and constituted the modified intention to treat sample (n ¼ 47 received ketamine, n ¼ 25 received midazolam) in the parent clinical trial (Murrough et al, 2013a) . Data were missing or incomplete for four patients in the ketamine group and six patients in the midazolam group. Therefore, the current neurocognitive sub-study included 43 individuals randomized to ketamine and 19 individuals randomized to midazolam. One domain (visual learning) had additional missing data with a sample size of n ¼ 34 for ketamine and n ¼ 17 for midazolam. Baseline sample characteristics are presented in Table 1 . Treatment groups had similar ages, gender frequencies, depression symptom severity, and level of treatment resistance.
Effect of Time, Treatment Condition, and Antidepressant Response on Cognitive Performance
At the 7-day post-treatment assessment, we found a significant main effect of time such that, on average, participants' performance improved from baseline in the cognitive domains of processing speed (F 1,59 ¼ 6.58, p ¼ 0.013), verbal learning (F 1,59 ¼ 6.80, p ¼ 0.012), and visual learning (F 1,48 ¼ 6.48, p ¼ 0.014) across both treatment conditions while controlling for change in depression symptoms over the same time interval. There was no change in the domains of working memory or reasoning. There was no specific effect of ketamine on cognitive performance (no main effect of treatment condition), and no effect of antidepressant response measured either at 24 h or 7 days on cognitive performance. There were no significant interaction effects (Figure 2 ).
Baseline Cognitive Functioning and Antidepressant Response to Ketamine
We evaluated the influence of baseline cognitive performance on change in MADRS score from baseline to 24 h There were no differences between the response groups on other cognitive measures. We found no evidence of association between baseline processing speed and baseline depression severity (r ¼ À 0.167, p ¼ 0.164).
We found no significant relationship between baseline cognitive performance and antidepressant response to midazolam (data not shown).
DISCUSSION
In a randomized controlled trial in patients with TRD, we found that a single sub-anesthetic dose of ketamine had no deleterious effect on neurocognitive performance 7 days following treatment compared with midazolam. Performance on the measures of processing speed, verbal learning, and visual learning improved at study end compared with baseline regardless of treatment condition or change in depression severity, likely reflecting a non-specific learning effect. Finally, we replicated our previous finding (Murrough et al, 2013c ) that slower baseline processing speed predicted a rapid antidepressant response at 24 h following ketamine.
Ketamine is associated with acute perceptual and cognitive disturbances at the time of drug administration (Krystal et al, 2005; Morgan et al, 2004) , and chronic ketamine abuse can lead to persistent neurocognitive impairments (Morgan and Curran, 2006; Morgan et al, 2009 ) and potentially deleterious brain changes measured using in vivo neuroimaging (Edward Roberts et al, 2014) . The impact of ketamine on neurocognitive function in patients with TRD, however, has received only minimal study to date. Our group first reported circumscribed memory impairment immediately following a single ketamine dose (0.5 mg/kg) administered as a slow infusion over 40 min (Murrough et al, 2013c) . Subsequently, two open-label studies explored the neurocognitive effects of up to six ketamine infusions in patients with treatment-resistant unipolar or bipolar depression and found no evidence of impairment (Diamond et al, 2014; Shiroma et al, 2014) . The current study featured a relatively large sample size and a two-site, randomized controlled design and yielded results consistent with these prior reports. Our finding of an absence of adverse effects of ketamine on neurocognitive functioning in this patient population may contribute to a risk-benefit analysis of ketamine utilization as a treatment for refractory depression. The current gold standard treatment for refractory depression-electroconvulsive therapy (ECT)-may provide an appropriate safety comparison for ketamine. Cognitive impairment is the most significant side effect limiting the use of ECT, although the extent of short-and longer-term adverse cognitive effects continues to be debated (Semkovska and McLoughlin, 2010) . Our finding of an absence of adverse cognitive effects of ketamine 7 days post treatment suggests that ketamine may compare favorably to ECT. The present study examined only the impact of a single ketamine treatment on delayed performance and did not measure the immediate effects of ketamine on neurocognition, nor the effects of repeated ketamine treatments. If ketamine were to be approved for use in clinical practice, it would very likely be administered in a repeated fashion over weeks, months, or longer. Although very early data on repeated infusions exist (Diamond et al, 2014; Shiroma et al, 2014) , much more research will be required to establish the potential cognitive risks of longer-term repeated ketamine treatments for patients with severe or refractory forms of mood disorders.
In the current study, we replicated our previous finding that slow baseline processing speed is associated with improved symptom reduction in TRD following ketamine (Murrough et al, 2013c) . Notably, processing speed was not associated with depression symptom severity at baseline. Our finding is also broadly consistent with a recent report describing an association between reduced attention at baseline and improved antidepressant response to ketamine (Shiroma et al, 2014) . Both processing speed and attention have been linked to dopamine functioning within prefrontal-subcortical circuits (Cropley et al, 2006) , and ketamine is known to modulate dopamine signaling within the striatum and prefrontal cortex in animals (Moghaddam et al, 1997) and humans (Kegeles et al, 2000; Rabiner, 2007; Smith et al, 1998) . Mechanistic studies in animals show that ketamine rapidly enhances synaptic plasticity at the level of prefrontal cortical neurons (Li et al, 2010 (Li et al, , 2011 , and is able to rapidly reverse stress-induced dendritic atrophy and behavioral depression in a brain-derived neurotrophic factor (BDNF)-dependent manner (Li et al, 2011; Liu et al, 2012) . A recent study found that ketamine reversed deficit dopamine signaling in a learned helplessness model of depression and normalized synaptic plasticity within the nucleus accumbens (indexed by long-term potentiation) via activation of dopamine D1 receptors (Belujon and Grace, 2014) . Chronic and/or uncontrollable forms of stress are known to reduce dopamine signaling at the level of the ventral tegmental area (VTA) and striatum (Cabib and Puglisi-Allegra, 2012) , and these data suggest that ketamine may alleviate depressive symptoms, at least in part, via modulation of dopamine signaling. A recent study utilizing [18F]-fluorodeoxyglucose (FDG) positron emission tomography (PET) in patients with bipolar depression found that improvement in depression score was associated with increased metabolism within the ventral striatum (Nugent et al, 2014) . No study to date has directly examined the relationship between dopamine signaling and antidepressant response to ketamine, and the role of dopamine in the mechanism of action of ketamine remains unknown. Further study in patient populations with the use of in vivo imaging will be required to define the antidepressant mechanisms of ketamine in humans.
Our results provide early support for the development of a neurocognitive pre-treatment predictor of response to ketamine in depressed patients. Prior studies have found associations between clinical and demographic factors and therapeutic response to conventional antidepressants (Perlis, 2013) , however, a quantitative laboratory-based behavioral or biological predictor of treatment response has remained elusive (Kapur et al, 2012; Simon and Perlis, 2010; Trivedi, 2013) . Prior research involving ketamine for unipolar or bipolar depression has suggested candidate clinical or demographic variables associated with therapeutic response, including a family history of alcoholism and a higher body mass index (BMI) (Niciu et al, 2014) . Candidate baseline biological predictors of antidepressant response to ketamine previously reported include a single-nucleotide polymorphism in the gene coding for BDNF (Laje et al, 2012) , as well as differential responses to emotional faces within the anterior cingulate cortex during magnetoencephalography (Salvadore et al, 2009) . It may be that no one single biobehavioral marker will provide a sufficient level of precision and discrimination so as to provide a clinically useful tool for personalizing ketamine treatment in depression (Zarate et al, 2013) . Our study suggests that specific neurocognitive measurements may hold promise as a component of a 'bio-signature,' guiding personalized treatment for patients who are candidates for ketamine therapy in the future.
Our study has several limitations. A total of 62 patients with TRD underwent neurocognitive evaluation before and after ketamine treatment across two academic medical centers. Although the sample size of the current study is comparatively large, it is likely that significantly larger studies will be required to define clinically meaningful biological or neurocognitive markers of treatment response. It will be important going forward for clinical studies of ketamine or other mechanistically novel rapid-acting antidepressants to utilize standardized neurocognitive assessments to avoid the problem of 'approximate replication' (Kapur et al, 2012) . For example, the study by Shiroma et al (2014) found that impaired attention, but not impaired processing speed per se, was associated with improved antidepressant response to ketamine. This discrepancy could be, in part, due to the differences in neurocognitive assessments utilized (the MCCB was utilized in the current study, compared with the CogState battery (Collie et al, 2003) in the study by Shiroma et al (2014) ). The current study examined neurocognitive function using a comprehensive battery, but optimal biomarker assessments will likely require multi-modal data acquisition, potentially including neuroimaging (Zarate et al, 2013) , quantitative electroencephalography (qEEG) (Cook et al, 2013) , and peripheral blood markers (Uddin, 2014) . The current study did not include a specific measure of attention and, therefore, we are unable to directly compare our findings with those of Shiroma et al (2014) . Regarding safety, the current study examined the effects of a single dose of ketamine administered at one time point. While this dose has been previously found to result in rapid onset therapeutic effects (Mathew et al, 2010; Murrough et al, 2013a; Murrough et al, 2013b; Zarate et al, 2006) , future studies will be required to explore the wide range of potential dose and treatment frequency parameters to optimize the treatment for individual patients. In the current study, we did not measure the cognitive effects of ketamine immediately post administration (eg, at 40 min from the start of the 40-min infusion), as we had done in our previous study (Murrough et al, 2013c) . Therefore, we were unable to assess the relationship between immediate cognitive effects and antidepressant outcome. The potential for ketamine to result in adverse neurocognitive effects over a longer time frame in the context of repeated treatment will require careful study.
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